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EXPERIMENTAL FRESSURE DISTRTBUTIONS OVER WING
TIPS AT MACH NUMBER 1.9
I - WING TIP WITH SUBSONIC IEADING EDGE
By James M. Jagger and Harold Mirels

SIMMARY

An investigatlion has been conducted at a Mach number of 1.9l to
determine the spanwlse pressure dlstributlon over a wing tilp in the
region influenced by a sharp subsonic leading edge swept back at 70°.
The supersonic part of the leading edge was normal to the free
stream., The wing sectlon was & symmetrical wedge of 5° 43' total
included angle in the streamwise direction. The lnvestigation wes
conducted over a range of angles of attack from -16° to 16°,

The experimentel datae were in good agreement with linearized
theory for small angles of attack, but the difference between theory
and experiment increased with angle of attack. Except for the pres-
suwre dlgbtribution on the top swrfece in the lmmedilate vicinity of
the subsonic leading edge, the maximum difference (expressed. as a

percentage of free-stream dynamic pressure) was 2— pexrcent for

angles of attack up %o 4° and 7 percent for a.ngles of attack up to
8°. The pressures on the top swface nearest the subsonic edge
indicated local expensions beyond the values predicted by linearized
theory. The bottam surface In this reglon, however, continued to
agree falrly closely wlth linearized theory. Where consideration

of the Mach number on the wing surface lndicated that a pressure
orifice was in the two-dlmensional-flow reglon, the agreement
between exact two-dimensional theory and the experimental data was
generally excellent.

INTRODUCTION
- Linearized solutions for the pressure distribution over thin

supersonic wings have been presented in numerous papers (for example,
references 1 to 5). These derivations assume nonviscous flow and
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small perturbation velocitles. The applicabllity of these assump-
tions to a real fluid flowing past a wing of finite thickness can
be determined only by experiment., Relatively few investigations
have been reported that compere experimental pressure distributbtions
over three-dimensional winges with those predicted by linearized
theory. An investigation of a 63° swept airfoil of biconvex sec-
tion is presented in references 6 and 7. Close agreement between
theory and experiment was obtalned for all regions except those
influenced by the subsonic treiling edge and the tip.

Results of the first part of an investigation conducted at the
NACA Lewis laboretory to determine pressure distributions ln those
regions of a three-dimensional wing where the use of linearized
theory may be questionable are presented herein., Experimental pres-
sures and the resulting load distribution in the neighborhood of a
sharp subsonic leading edge (along which linearized theory predicts
infinite pressures) are compared with theory.

SYMBOLS

The following symbols are used in this report:

Cp pressure coefficlent, (p-py)/d9
K constant whose value is M
1-py cot 8
My free-stream Mach number
Ml Mach nurber on surface of wing in two-dimensionel region
b ) local static pressure on wing surface
Py free-stream static pressure
Pox static pressure determined from experiment
pth statlc pressure predicted by lineerized theory
qo free-stream dynamic pressure, %‘ potlz
U free-gtream veloclty
X,y Cexteslan coordinates
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a angle of attack measured between chord line and free-
stream direction

By = 1@2-1
B, = 1/1412-1

Boy/x conical coordinate

e engle of sweepback of subsonlic edge

po free-stream static density '

o] half wedge angle measured in y =constant planes (slope)
@ perturbation veloclty potential

Subscripts:

B bottom wing surface

T . top wing surface

APPARATUS AND PRCCEDURE

The investigation was conducted in the lewls 18~ by 18-inch
supersonic tunnel., Fram a previocus calibration, the Mach number in
the vicinlty of the wing was determined to be 1l.S1 with a meaximum
variation of +1/2 percent. The Reynolds mumber was 3.4 X 10° per
foot.

A photograph of the wing model instelled In the tunnel i1s shown
in filgure 1. The model was mounted on a sweptback strut. The angle
of attack was varied by changing the angle of the strut with respect
to the air stream and was read on a vernier scale to an accuracy of

d:z%‘ minutes,

A sketch of the wing model showing the principle dimensions is
presented in figure 2. The forward wing gsection, in which the
orifices were located, wvae a symmetrical wedge with an included
angle of 5© 43' in the free-stream direction. The supersonic lead-
ing edge was normal to the alr stream and the subsonlc leading edge
wvas swept back at an angle of 70°

~ AT
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The model wes machined from two pleces of tool steel; the rear
gsectlon was a failring to decrease the megnitude of the dlasturbances
toward the rear of the model. The leading edges were straight and
wore ground to knife edges. After instrumentatlion had been inetalled,
the two pieces of the wing were fastened together and the entire
model was finlsh-ground.

8801

The locatlon of the static-pressure orificee is shown in fig-
ure 2, The orifices were 0.010 inch in diameter, sharp-edged, and
free of burs. Pressures were photographlcally reccrded on a
multiple~tube manometer board using tetrabromcmethane as the manom-
etexr fluid.

THEORY

The pressure coeffliclent on the surface of the wing at angle of
attack can be expressed, according to linearized theory, as

Cp = Cp(0) + Cp(a) (1) .
where

Cp(o) pressure coefficient on surface of given wing at zerc angle
of attack

Cp(a) pressure coefficient on surface of flat plate, of given
plan form, at angle of attack

These pressure coefficlents can be derived from the perturbation
velocity potentisal,

The potential in the three-dimensaional flow reglon
(-1< Boy/x<l) for the wing at zero angle of attack, obtained from
reference 5, 18

(E-1)x- (K+1)Boy A(K-1)x- (K+1)Boy
log,
JK »\/K(x-ﬁoy) +ﬁ+BQy -
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The coordinate systemr is illustreted in figure 2. The correspondling
pressure coefficlent is then

Cp,r(°) = - %?p'%'z(:i)

(2)
The flow 1s conlcal, as evidenced by the fact that the pressure

coefficient depends only on agy/z. The linearized pressure coef-
ficlent for the two-dimensional region Boy/xg-_-l is obtalned by

setting Boy/:z: = =1 and ylelds
cp,T(C) = 20'/30 (3)

The pressure distributlion 1s ldentical for the top and bottam sur-
faces of a symetrical wing at zero angle of attack; thus

CP,T(G) = CP,B(G) (4)

The perturbation veloclity potentlal in the three~dimensional-
flow region of the flat-plate wing, also cbtained fram reference 5,

i1s
Ppla) = ;g:) ,‘/ (&+1) (x+807) [I(;'l)z-(ﬁl)ﬁor]
+ 2x tan~L (BE=1)x~(K+1)Boy

(K+1) (z+B,y)

The corresponding pressure coefficient ls then
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B Bay
I B (- R ey
CP’T(a) = -’—ﬁa 2 tan

YEey  ©

For the two-dimensional region, this expression reduces to
Cp,mle) = -2a/8, (6)

The pressure distribution on the bottom surface of a flat-plate
wing 1s the negative of that for the top surface, or

Cp,r(x) = -Cp p(c) (7)

Equations (1) to (7) completely define the linsarized pressure distri-
bution for the experimental wing model.

The flow In the two-dimensional region 1s equivalent to flow
about & wedge. A nonviscous fluid solution, herein designated the
exact two-dimensional solution, is avallable from the oblique shock
and Prandtl-Meyer relations (reference 8).

Linearized thecry, which assumes a constant Mach number
throughout the flow field, defines the two-dimensional region as
Boy/x<-1. A more accurate definition is B;y/x<-1, where B, is
determined from the exact two-dimensional solutlon for flow about
the wedge. Thus an orifice in the neighborhood of Byy/x = ~1 may
be in either the two~ or three-dimensional flow region, dependling on
the angle of attack, With increasing posltive angles of attack, the
effective area of the two-dimensional region increases on the top
suwface and decreases on the bottom surface,

RESULTS AND DISCUSSION

The wing model was lnvestigated over the range of angles of
attack from -16° to 16°, Because of wing symetry, the pressures

L Y
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on one surface at a positive angle of attack should equal ‘the pres-
gsures on the opposite surface at the same negative angle of attack,
The experlmental date for both positive and negative angles of
ettack are therefore presented In figures 3 to 6 to correspond o
the top and bottom swfaces of the wing through the positive-angle-
of-attack range. Schlleren photographs indiceted thet after the
wing had been turned beyond an angle of 10°, the shock wave was
detached from the sweptback support strut and influenced the pres-
sure orlfices on the bottam wing swxrface, which made the data
unrellable. Because the detached shock wave had no apperent effect
on the top-wing-surface pressures, data are presented up to an
angle of attack of 16° for this surface._

Preasure Distributlions

Vicinity of two-dimensional-flow region. - The experimental
variation of pressure coefficient at orifice station B,y/x = ~1.27

is compered with both linearized and exact theory in figure 3(a).
The experimental data are in excellent agreement wlth the exact
theory for the entire range. ILinesrized theory shows very good
agreement for the top surface in the neighborhood of the angle at
which the top surface is parallel to the flow (a = 2° 52')., With
changes in angle of attack from the parallel-flow condition, lin-
earized theory and the experimental date dliverge conbtlnuously.

The results for stations Bny/x = -1.07, -0.91, and -0.77 are
presented in figures 3(b) to 3(d). The angles of attack for which
each orifice was in the two-dimensional region (B;y/xS-1) are
noted in these figures. The agreement beiween experiment and exact
two-dimensional theory is generally excellent In this range. The
divergence between experiment and the exmct theory ls seen %o occcur
when the orifice is well within the three-dimensional-flow region,
A sinllar effect of local wing Mach number is noted In reference 6.
The effect of the tlp, as predicted by linearized theory, is to
diminish the magnitude of the pressures below those exlsting in the
two=Adimensional reglon.,

Center of three-dimensionsl-flow reglion, - Linearized theory
and experiment are compared in figures 3(e) to 3(1) for stations
well within the three-dimensional-flow reglon., Close agreement for
angles of attack Involving small surface deflections, end the
characteristic divergence between experlment and theory with
increasing angle of attack, ars again evident,

Vicinity of subsonic leading edge. - The experimental data
obtained from orifices in the lmmediate vicinity of the subsonic

_ .
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leading edge are presented in figures 3(J3) to 3(1), The first
gevere departure from linearized theory, a rapid decrease with angle
of attack in the pressure coefficlent for the top surface, is shown
in these figures., This discrepancy can be accounted for by consid-
eration of the fiow in the nelghborhood of the subsonic edge. In
this reglon, the local deflections undergone by the component of
the flow parallel to the edge are negligible compared with those
undergone by the normal component of flow. The pressure dilstribu-
tion in this reglon ls therefore comparable to that for a sharp-~
edged airfoll at a high subsonic Mach number. (The total included

o
woedge angle measured normal to the subsonic edge 1s 16% for the
experimental model; the normal Mach number is 0.65.) In the inves
tlgation of euch airfolls discussed in reference 9, an expanaion
around the edge of the type encountered in supersonic flow was

observed, which terminated 1n an oblique shock; no separation was
noted.,

A plot of the spenwise pressure distribution on the top sur-
face is presented 1n figure 4 for three representative angles of
attack. At a 4° angle of attack, the data from stations
Boy/x = 0.47 anmd Boy/x = 0.43 indicate a rapid compression, bub
the preassure coefflclents at these astations are considerebly lower
than those predicted by linearized theory because of the expansion
around the subsonic edge. The curve for the 8° angle of attack
indicates that expansion continues to station ﬁoy/x = 0,43 and
then a replid compression occurs. This compression may be asso-
clated with an obligue shock. A%t the 14° angle of attack the
expansion continues until ﬁoy/x = 0,30 before the compression
occurs, -

The sharp drop in pressures on the top wing surface cbserved
in figures 3(J) to 3(1) can thus be attributed to a local expansion
of the normel flow about the subsonic edge. The severity and extent
of the expansion region increaged with angle of attack. The analogy
between the subsonic leading edge and a sharp-edged airfoll in sub-
gonlic flight indicates that no unusual flow phenomenon 1s to be
expected. on the bottom surface. The pressures on the bottom surface
agreed falrly closely with lineerized theory for those atations.

Differences between Linearized Theory and Experiment
The applicabllity of linearized theory for determining the pres-

sure distribution on the given wing configuration ie illustrated in
Tigure S where the difference between the experimental date and the

ST
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predictions of llnearized theory ls presented as a percentaege of
free-stream dynamic pressure. The curves for orifices in the range
=1.27=5 Boy/x§ 0.16 are similar and follow the characteristic trend
of Increasing dlvergence between linearized theory and experiment
with increasing -engles of attack. The limiting curves

(Boy/x = -1.27 and 0.16) for this range are shown in figure 5.
The maximum difference is 2%‘ percent for angles of attack up to 4°

and 7 percent for anglea of attack up to 89, For the stations near
the edge (0.30=B,y/x<0.47), the observed difference for the top

purface reached a maximum magnitule of 15]5' percent. The difference

for the bottom surface 1n thils region, however, did not exceed
4 percent.

Load Distribution

Experimental values of load coeffliclent, expressed 1n pearameter
form, are compaered with llnesrized theory in figure 6. The experi-
mental values are generally higher than the theoretical. Stations
nearest the subsonic edge show the largest disagreement. The
disagreement 1s assoclated with the low pressurea on the top surface
in this region.

SUMMARY OF RESULTS

An investigation has been conducted at a Mach number of 1.81
to determine the spenwlise pressure distribution In the tip region

of a wing having a sharp subsonlc leading edge.

The experimental data were in close agreement with lineaxdized
theory for the range of angles of atiack close to that at which the
airfoll surface 1ls perallel to the free-stream direction. Experl-
ment and linearized theory diverged continuously with Increasing
angle of attack. Except for stations in the immedlate vlicinity of
the subsonic leading edge, the maximum difference (expressed as a

percentage of free-stream dynamic preasure) was 21‘ percent for

angles of attack up to 4° and 7 percent for angles of attack up %o
8°. For stations on the top surface nearest the subsonic edge,
local expansions beyond the values predicted by 11nea.r1zed. theory

were Indicated and the maximum observed discrepancy was 15%' percent.
The bpottam surface in this region, however, continued to agree
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fairly closely with linearized theory. Where consideratlon of the
Mach number on the wing surface 1lndicated that a pressure orifice
wag In the two-dimensional flow reglon, the agreement between exact
two-dimensional theory and the experimental data was generally
excellent.

Lewls Flight Propulsion Laboratoxy,
National Advisory Coamulttee for Aeromautics,
Cleveland, Ohlo.
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orifice pyy/x
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Pigure 2. - Sketch of wing-tip model showing principal dimenaions and locatlons of
pressure orifloes,
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